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Introduction 
T h e search for silicic m a g m a in t he u p p e r 
crust is conve rg ing on the L o n g Valley Calde-
ra of eas te rn California, w h e r e several l ines 
of geophysical ev idence show tha t a n active 
m a g m a c h a m b e r exists at mid- to lower-crust-
al d e p t h s . T h e r e a r e also o t h e r s t r o n g indica­
t ions tha t m a g m a may be p r e s e n t at d e p t h s 
n o g r ea t e r t h a n abou t 5 k m below the sur­
face. I n this p a p e r , we review t h e his tory of 
the search for m a g m a at L o n g Valley. W e 
also p r e s e n t t he p r e l imina ry resul ts f rom a 
coo rd ina t ed suite of seismic e x p e r i m e n t s , 
c o n d u c t e d by a c o n s o r t i u m of ins t i tu t ions in 
t he s u m m e r a n d fall of 1984, tha t w e r e de ­
s igned to refine o u r knowledge of t he u p p e r 
ex ten t of t he m a g m a c h a m b e r . Major fund­
ing for the e x p e r i m e n t s was p r o v i d e d by the 
G e o t h e r m a l Resea rch P r o g r a m of t h e U.S. 
Geological Survey (USGS) a n d by t h e M a g m a 
Ene rgy T e c h n o l o g y P r o g r a m of t h e U.S . De­
p a r t m e n t of E n e r g y (DOE) , a p r o g r a m to de ­
velop the t echnology necessary to ex t rac t en­
ergy directly f rom crus ta l m a g m a . Add i t i ona l 
f u n d i n g came f rom D O E ' s Office of Basic 
Ene rgy Sciences a n d the Nat iona l Science 
F o u n d a t i o n (NSF). Also, because extens ive 
use was m a d e of a 0 . 9 - km- deep well len t to us 
by Santa Fe G e o t h e r m a l , Inc . , t he projec t was 
c o n d u c t e d par t ly u n d e r the auspices of t he 
Con t inen ta l Scientific Dri l l ing P r o g r a m 
(CSDP). As an i n t e g r a t e d seismic s tudy of the 
crus t within the ca lde ra tha t involved t h e 
close coopera t ion of a large n u m b e r of insti­
tu t ions , the project was m o r e o v e r viewed as a 
p ro to type for fu tu re scientific e x p e r i m e n t s to 
be c o n d u c t e d u n d e r t he P r o g r a m for A r r a y 
Seismic Studies of t h e Con t inen ta l L i tho-
s p h e r e (PASSCAL). T h e e x p e r i m e n t t h u s 
r e p r e s e n t e d a u n i q u e b lend of C S D P a n d 
PASSCAL m e t h o d s , a n d achieved goals con­
sistent with bo th p r o g r a m s . 
T h e project was original ly conceived at a 
w o r k s h o p on seismic imag ing in L o n g Valley, 
o rgan ized by the U S G S in Apr i l 1984. T h e 
p u r p o s e of the w o r k s h o p was to o rgan i ze an 
in te ragency p r o g r a m to exp lo re t he L o n g 
Valley ca ldera us ing seismic t echn iques , with 
the goal of cons t ruc t ing a t h r ee -d imens iona l 
image of the shallow crust . T o init iate t h e 
p r o g r a m , the USGS c o m m i t t e d itself to a lim­
ited p r o g r a m of crus ta l reflection profi l ing 
a long a l ine o r lines to be d e t e r m i n e d at the 
mee t ing . Previous active seismic e x p e r i m e n t s 
inc luded a substant ia l set of refract ion lines 
t h r o u g h o u t t he L o n g Valley a rea shot by the 
Geological Survey. F u n d i n g for the initial re­
fraction work in 1973 h a d c o m e f rom the 
USGS, while s u p p o r t of t he la ter work d u r i n g 
the s u m m e r s of 1982 a n d 1983 h a d c o m e 
principal ly f rom the Office of Basic E n e r g y 
Sciences at t he D e p a r t m e n t of Energy . 
J u s t be fo re t he Apr i l w o r k s h o p , Sandia Na­
tional Labora to r i e s h a d ob ta ined permiss ion 
to r e e n t e r a 0 .9 -km-deep a b a n d o n e d well in 
L o n g Valley, which h a d b e e n dr i l led by Santa 
Fe G e o t h e r m a l , Inc . Des igna ted O L V - 1 , t h e 
well is located in t h e n o r t h w e s t p a r t of the 
ca ldera (F igure la), j u s t above a significant 
reflector seen by Hill [1976] (F igure lb) in 
the ear l ier ref rac t ion profi l ing. T h i s reflector 
was i n t e r p r e t e d as the t o p of a m a g m a body 
at a d e p t h of 7 km. T o g e t h e r with a g r o u p 
f rom t h e Universi ty of S o u t h e r n California 
(USC), Sand ia p l a n n e d to c o n d u c t a passive 
seismic r e c o r d i n g e x p e r i m e n t in the well. At 
the m e e t i n g it was dec ided to use bo th b o r e ­
hole a n d surface t echn iques in a coo rd ina t ed 
e x p e r i m e n t . T h e r e f o r e we dec ided to r o u t e 
the reflection profile by t h e well site a n d to 
p e r f o r m a vertical seismic profile (VSP) in the 
well. T h e VSP c o m p l e m e n t s b o t h the reflec­
tion profi l ing a n d passive r e c o r d i n g by p r o ­
viding the near - sur face seismic velocities at 
the site for use in static cor rec t ions a n d in 
eva lua t ing receiver s t ruc tu re . W e also h o p e d 
that t he VSP m i g h t succeed in observ ing re ­
flections f rom the t op of t h e hypothes ized 
m a g m a body at abou t 7 k m deptfr. 
A second m e e t i n g was he ld at Menlo Park , 
Calif., in J u n e to c o o r d i n a t e t h e project , a n d 
A u g u s t 1984 was set as t h e e x p e r i m e n t s tar t 
da te . Sand ia was respons ib le for o p e r a t i n g 
the well. A g r o u p f rom U S C was f u n d e d by 
Sandia to dep loy a d o w n h o l e g e o p h o n e d u r ­
ing the VSP a n d to r e c o r d e a r t h q u a k e s for 
abou t a m o n t h f rom the g e o p h o n e in the well 
a n d f rom a small surface a r ray . Mode l ing 
a n d analysis of these da ta is in p rogress by 
Sandia a n d USC. L a w r e n c e Berkeley Labora ­
tory a n d the Universi ty of California, Santa 
Ba rba ra , fielded the VSP e x p e r i m e n t a n d a r e 
r e d u c i n g the da ta . Meanwhi le , USGS a n d the 
Universi ty of W y o m i n g c o n d u c t e d the P wave 
reflection profile a n d a r e p rov id ing the final 
da ta stacks. 
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Cover. Cross section t h r o u g h L o n g Val­
ley ca ldera in eas t e rn Cal i fornia , showing 
the geome t ry of the ca ldera floor a n d the 
u n d e r l y i n g m a g m a c h a m b e r as i n fe r r ed 
f rom the r ecen t geological, seismological, 
a n d geophysical s tudies descr ibed by J . B. 
R u n d l e et al. ("Seismic I m a g i n g in L o n g 
Valley, Cal ifornia , by Surface a n d Bore ­
hole T e c h n i q u e s : A n Inves t iga t ion of Ac­
tive Tec ton ics , " p . 194). Heavy lines indi­
cate posi t ions of b o u n d a r i e s reflecting 
seismic P waves tha t were r e c o r d e d by re ­
cent seismic ref rac t ion a n d reflection sur­
veys. G r o u n d d e f o r m a t i o n ( the r e s u r g e n t 
d o m e has inflated by 0.5 m in t h e pas t 5 
years) a n d seismic activity a r e consis tent 
with increas ing p r e s s u r e within t he m a g ­
m a c h a m b e r a n d possible injection of a 
th in dike (or dikes) in to the r i n g f r ac tu re 
system b e n e a t h t he s o u t h moa t , w h e r e t h e 
e a r t h q u a k e swarm activity (as ind ica ted by 
the stars) has b e e n m o s t in tense . Cross 
section p r e p a r e d by R. A. Bailey a n d D. P. 
Hill, U.S. Geological Survey. C u r r e n t 
work in L o n g Valley will be discussed in 
four sessions at the 1985 A G U Spr ing 
Mee t ing : L i thosphe r i c S tudies Wi th L o n g 
Arrays I (PASSCAL Sympos ium) (Tues ­
day, May 28 , 8:15 A.M.) , L i thosphe r i c 
Studies Wi th L o n g Ar rays I I (PASSCAL 
Sympos ium) (Tuesday , May 28 , 2:00 
P.M.), I nyo D o m e s Dri l l ing I (Monday , 
May 27, 8:30 A.M.) , a n d I n y o D o m e s 
Dril l ing I I (Monday , May 27 , 1:30 P.M.). 
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Background 
In a U.S. Geological Survey ref rac t ion ex­
p e r i m e n t c o n d u c t e d in 1973, Hill [1976] shot 
two in tersec t ing seismic ref rac t ion lines across 
the ca ldera . O n e of these lines e x t e n d e d 35 
k m eas t -southeas t f rom t h e n o r t h e a s t b o u n d ­
ary of the ca ldera across t h e r e s u r g e n t d o m e 
to the southeas t b o u n d a r y of t h e ca ldera . O n 
it, he observed a p h a s e a b o u t 1 s b e h i n d the 
first arr ival f rom the shot po in t n e a r Dead-
m a n Creek . I n a s u b s e q u e n t s tudy, Hill et al. 
[1985] shot seven r eve r sed profiles across the 
caldera , o n e of which e x t e n d e d f rom the 
n o r t h cent ra l b o u n d a r y (B, F igu re lb) to the 
southwest b o u n d a r y (A) at M i n a r e t summi t . 
At offset dis tances of 1 4 - 2 0 k m f rom the 
no r theas t e n d (B) of this l ine, an arr ival was 
observed tha t was aga in i n t e r p r e t e d to be a 
reflection off t he t op of t he s ame m a g m a 
body u n d e r t he n o r t h e r n e n d of t he resur ­
gen t d o m e . H e n c e b o t h ref rac t ion lines have 
evidently seen the s ame reflector in t he same 
location. 
In add i t ion to t he re f rac t ion profi l ing con­
duc t ed in L o n g Valley, Sanders [1984] has 
c o n d u c t e d a systematic s tudy of s h e a r wave 
ext inct ion in seismic waves pass ing t h r o u g h 
the ca ldera . Most of t h e stat ions tha t h e used 
a r e to the n o r t h a n d east, a n d mos t of the 
e a r t h q u a k e s were in t h e . s o u t h m o a t of the 
ca ldera a n d f u r t h e r sou th in to t h e S ie r ran 
Fig. 1. L o n g Valley ca lde ra of ea s t e rn 
California, (top) Locat ion of 1984 expe r i ­
men t s across t he n o r t h w e s t e r n m a r g i n of 
the r e s u r g e n t d o m e . Univers i ty of Wyo­
m i n g c o n d u c t e d a vertical inc idence to 
wide-angle reflection survey a long t h e 
profile a n d a s t a n d a r d vertical inc idence 
reflection profile in t he cen t ra l pa r t . T h e 
0 .9 -km-deep O L V - 1 dril l ho le was used by 
a variety of ins t i tu t ions , led by Sand ia Na­
tional Labora to r ies , for b o t h active source 
a n d passive r e c o r d i n g e x p e r i m e n t s , (bot­
tom) S u m m a r y of p reex i s t ing k n o w l e d g e 
on the d e p t h to suspec ted m a g m a c h a m ­
ber b e n e a t h L o n g Valley. Level ing profile 
of F igure 2 follows h ighway 395 n o r t h e a s t 
f rom T o m s Place. 
block. By us ing a s imple g raph ica l s cheme , 
S a n d e r s identif ied two major bodies of mag­
m a within t he ca ldera , o n e u n d e r t h e sou th­
east p a r t of t he r e s u r g e n t d o m e a n d o n e in 
the no r thwes t p a r t of t he ca ldera , u n d e r t he 
no r thwes t e d g e of the r e s u r g e n t d o m e . T h e 
d e p t h of t he n o r t h e r n m a g m a a p p e a r s to be 
abou t 5 - 6 k m a n d tha t of t h e s o u t h e r n body 
seems to be abou t 4 - 5 km. T h e n o r t h e r n 
body thus is similar in size a n d location to 
tha t f o u n d f rom the ref ract ion da ta . T h e 
s o u t h e r n body is located n e a r t he site p r o ­
posed by Rundle and Whitcomb [1984] for a 
shallow m a g m a c h a m b e r j u s t east of Casa Di­
ablo hot spr ings , n e a r w h e r e uplift m e a s u r e d 
f rom 1 9 7 5 - 1 9 8 0 by surface leveling is a max­
i m u m (Figure 2). T h e 1984 L o n g Valley 
crustal imag ing e x p e r i m e n t was conceived as 
an a t t e m p t to f u r t h e r conf i rm the exis tence 
of bo th bodies of shallow crusta l m a g m a with­
in t he ca ldera . 
Northern Cupola: 
Active Seismic Experiments 
T h e seismic ref rac t ion e x p e r i m e n t s con­
d u c t e d by D. P. Hill a n d his col leagues at 
USGS in 1973 a n d 1983 across t he no r thwes t ­
e r n m a r g i n of t he r e s u r g e n t d o m e each p r o ­
d u c e d a s t r o n g reflection tha t has b e e n in ter ­
p r e t e d as t he roo f of t he c o n t e m p o r a r y m a g ­
m a c h a m b e r [Hill, 1976; Hill et al, 1985]. I n 
the 1973 e x p e r i m e n t t he polar i ty of t h e re ­
flection was clearly 180° o u t of p h a s e with t h e 
first arr ival , ind ica t ing a velocity dec rease 
across the reflector. M o r e compe l l i ng s u p p o r t 
for m a g m a within t he n o r t h w e s t e r n q u a d r a n t 
of the ca ldera was f o u n d by Sanders [1984] in 
his s tudy of s h e a r wave a t t e n u a t i o n . A l t h o u g h 
the location a n d s h a p e of t he body could be 
only a p p r o x i m a t e l y d e t e r m i n e d , because of 
l imited ray p a t h coverage , t h e ray p a t h s with 
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Fig. 2. Elevat ion c h a n g e s a long h ighway 395 d e t e r m i n e d by r e p e a t e d leveling r u n d u r ­
ing t he ind ica ted years with 1975 as t h e basel ine . Tec ton ic uplift of t h e r e s u r g e n t d o m e of 
L o n g Valley ca lde ra b e g a n be tween 1975 a n d 1980 a n d c o n t i n u e d t h r o u g h at least 1983 
(figure af ter Castle et al. [1984]). 
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Fig. 3. Single-fold wide ang le walk-in P wave reflection profile a long r o u t e shown in Fig­
u r e 1 (raw da ta ) . Source- rece iver offset is in k i lometers at t o p of figure; two-way travel t ime 
is in seconds a long r i gh t m a r g i n . N o t e reflection wavef ron t (a r row 1) a b o u t 0.5 s b e h i n d t h e 
re f rac ted first arr ival ( a r row 2). A u t o m a t i c gain con t ro l has t h e effect of increas ing noise 
a m p l i t u d e p r i o r to t h e arr ival of t h e re f rac ted first p h a s e (a r row 2). M i d p o i n t be tween 
source a n d receiver is fixed at a p o i n t j u s t east of h ighway 395 . 
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Fig. 4. Vert ical seismic profile f rom u p p e r 170 m of O L V - 1 , vertical c o m p o n e n t only 
(raw da ta ) . Left ha l f of t h e figure is f rom P v ibra tor , r igh t ha l f is f rom S vibrator . D e p t h of 
r e c o r d i n g is shown a long t o p of figure; t ime is a long left m a r g i n . T h e P wave r eco rd ings 
were shot as t h e g e o p h o n e d e s c e n d e d , whi le t h e 5 wave r e c o r d i n g s were shot d u r i n g as­
cent , so t ha t d e p t h o n t h e S r e co rds is r eve r sed left- to-right f r o m t h e P r ecords . C o h e r e n t 
arr ivals across all c h a n n e l s o n e i the r P o r S r e c o r d s with oppos i t e d i p to t h e d o w n g o i n g 
first ar r ival ind ica te u p c o m i n g reflections f r o m a d e e p hor i zon . N o t e d o m i n a n c e of rever ­
b e r a t i n g arr ivals o n t h e r eco rds . T h e mos t p r o m i n e n t c a n d i d a t e for an u p c o m i n g wave a p ­
pea r s o n t h e P r e c o r d at 3.95 s (ar row) . 
near ly total shea r wave ex t inc t ion cross t h e 
n o r t h w e s t e r n flank of t h e r e s u r g e n t d o m e at 
a b o u t t h e s ame d e p t h a n d locat ion as t h e r e ­
flector desc r ibed by Hill . 
T h e s e two i n d e p e n d e n t lines of ev idence 
for m a g m a within a b o u t 6 - 8 k m of t h e sur­
face were used to des ign t h r e e active seismic 
e x p e r i m e n t s c o n d u c t e d in 1984. T h e expe r i ­
m e n t s were 
• an e x p a n d i n g s p r e a d (or walk-in) profi le 
abou t a fixed c o m m o n m i d p o i n t [Deemer et 
al, 1984]; 
• conven t iona l c o m m o n d e p t h po in t (CDP) 
seismic reflection prof i l ing [Deemer et al, 
1984]; 
• a vertical seismic profi le (VSP) in O L V - 1 . 
Each e x p e r i m e n t u sed s t a n d a r d p e t r o l e u m 
exp lo ra t ion indus t ry g e o p h o n e a n d r e c o r d i n g 
e q u i p m e n t , as well as v ib ra to rs for e n e r g y 
sources . A n add i t iona l objective of each ex­
p e r i m e n t was t he assessment of u n p r o v e n 
seismic t echn iques for use in loca t ing m a g m a . 
T h e r e s u r g e n t d o m e p r o v e d to be an ex­
t remely inhosp i tab le e n v i r o n m e n t for seismic 
r e c o r d i n g because of t he p r e s e n c e of u n c o n ­
sol idated t e p h r a depos i t s , e i t he r at t h e sur­
face o r i n t e r b e d d e d with rhyol i te a n d basalt 
flows at d e p t h . ( O n e e x p e r i e n c e d h a n d was 
o v e r h e a r d r e m a r k i n g tha t it was t he wors t 
[stuff] tha t h e h a d ever p l a n t e d a g e o p h o n e 
in.) T h e p o o r surface cond i t ions p r o d u c e d 
t h r e e s epa ra t e e x p e r i m e n t a l p r o b l e m s , in­
c lud ing p o o r c o u p l i n g be tween t h e v ibra to r 
t rucks a n d the e a r t h , s t r o n g a t t e n u a t i o n of 
seismic waves n e a r t h e receivers , a n d highly 
variable exci ta t ion of nea r - su r face mul t ip l e 
reflections at t h e source . Despi te all of these 
difficulties, p r e l im ina ry analysis a n d i n t e r p r e ­
tat ion of da t a f rom each e x p e r i m e n t indica te 
tha t each succeeded in r e c o r d i n g a reflection 
f rom abou t 7 - 8 k m d e p t h . 
T h e reflection can be seen o n t h e walk-in 
profile in F i g u r e 3 ( a r row 1) as a s econda ry 
arr ival b e h i n d t h e r e f rac ted first a r r ival (ar­
row 2) in t h e d i s tance r a n g e f rom at least 5 to 
8 km. T h e c o m m o n m i d p o i n t (CMP) for this 
single-fold r e c o r d (about 1% of t h e field 
data) lies j u s t west of h ighway 3 9 5 , w h e r e t he 
same wide-angle reflect ion was obse rved ear ­
lier. T h u s we successfully dup l i ca t ed t h e 1983 
refract ion e x p e r i m e n t , which u sed l a rge 
(1000-kg) chemica l exp los ions with i n d u s t r y 
s t a n d a r d exp lo ra t i on e q u i p m e n t . Because t h e 
d is t r ibu t ion of CMP' s f r o m t h e full walk-in 
profile cover a n a r e a near ly 1 .5x3 k m in size, 
these da t a give us t r u e t h r e e - d i m e n s i o n a l sub­
surface coverage of t he reflector. F u r t h e r 
analysis of these d a t a is c o n t i n u i n g at t h e 
Universi ty of W y o m i n g . 
T h e m o r e conven t iona l a p p r o a c h to defin­
ing t h e conf igura t ion of t h e ref lector wou ld 
be to use C D P r e c o r d i n g g e o m e t r y with nea r -
vertical inc idence ray pa th s . A p p r o x i m a t e l y 
t h e cen t ra l t h i r d of t h e walk-in profi le was 
also r e c o r d e d as a C D P profi le . P re l imina ry 
analysis of t h e C D P profi le shows several 
shallow reflections, p robab ly f r o m t h e t o p 
a n d b o t t o m of t h e we lded B i shop Tuff, b u t 
no t t h e d e e p reflect ion. Sho t r e c o r d s indica te 
tha t source mul t ip les a r e a p e r s i s t e n t — a n d 
spatially va r i ab l e—prob lem. T h e s e shallow re ­
ve rbe ra t ions m a y mask d e e p e r a n d w e a k e r 
reflections. 
T h e vertical seismic profi le (VSP) r u n in 
O L V - 1 (F igure 4) clearly d e m o n s t r a t e s t h e 
d o m i n a n c e of r e v e r b e r a n t e n e r g y at t h e sur­
face. T h e VSP section (vertical c o m p o n e n t 
only) displays t h e wave field for a single 
source locat ion at va r ious d e p t h s in t he well 
a n d t h u s allows us to s epa ra t e t he d o w n g o i n g 
wave field f rom t h e u p c o m i n g (reflected) 
wave field. In spec t ion of t h e P wave VSP 
(left-hand side of figure) shows tha t t he wave 
field consists a lmost ent i re ly of d o w n g o i n g 
waves (cor re la ted wavelets a r r ive at p r o g r e s ­
sively la ter t imes at d e e p e r dep th s ) . T h e mos t 
p romi s ing c a n d i d a t e for a d e e p reflection oc­
curs at 4.0 s, o r f rom abou t 10 k m d e p t h . I t 
can be seen as a wavelet with t he oppos i t e d i p 
to t he first b r e a k in F igure 4. If t he reflector 
obse rved at wide ang le is p r e sen t b e n e a t h 
O L V - 1 , w h e r e it shou ld be seen at a b o u t 3 s, 
it is effectively m a s k e d in t he VSP. 
T h e 3-s reflector has , however , b e e n ten ta ­
tively identif ied, in t h e stacked shot r e c o r d 
f rom a small a r r a y at O L V - 1 , tha t is effective-
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Fig. 5. Small-scale vert ical inc idence reflection profi le at O L V - 1 (raw da ta ) . T h e vertical 
c o m p o n e n t g e o p h o n e a r r a y s t re tches east f rom O L V - 1 , with s tat ion intervals of 30 m. Dis­
tance east f rom O L V - 1 is shown a l o n g t o p of figure; two-way t ravel t ime is a l o n g left m a r ­
gin. P wave r e c o r d is shown . A b o u t 100 shots a r e s tacked to p r o d u c e t h e r e c o r d s shown. 
N o t e t h e clear reflect ion at a b o u t 4 seconds (a r row 1) a n d t h e s o m e w h a t less dist inct reflec­
t ion at 3 seconds (a r row 2). 
ly a single-fold vertical inc idence , P wave 
C D P section. T h e a r r a y consis ted of 36 vert i­
cal c o m p o n e n t s tat ions at 30-m intervals 
s t re tch ing d u e east f rom t h e well. A b o u t 100 
shots have b e e n s tacked to p r o d u c e t h e re ­
cord in F igu re 5, as o p p o s e d to 4—6 shots in 
the stack of F igu re 4. T h e 4.0-s even t seen in 
the VSP is clear in t h e C D P section (a r row 1), 
t o g e t h e r with a fainter , less obvious reflection 
at 3.0 s (a r row 2). I n F igu re 6 we s u m m a r i z e 
the p re l imina ry findings f rom the active 
source invest igat ions of t he n o r t h e r n cupola . 
T h e a g r e e m e n t be tween t h e wide-ang le re ­
flector f o u n d by Hill et al. [1985] a n d t h e re ­
flection seen o n the walk-in profile e n c o u r ­
ages us to provisional ly cor re la te t h e m with 
the 3.0-s reflection at O L V - 1 . If these reflec­
tions def ine t h e roo f of t he c o n t e m p o r a r y 
m a g m a c h a m b e r , as t h e resul ts of Sanders 
[1984] wou ld suggest , t h e n t he d e e p e r reflec­
t ion at O L V - 1 m u s t ar ise e l sewhere ; p e r h a p s 
f rom the base of t h e c h a m b e r o r f rom a n 
out -of -p lane p a r t of t he roof. 
Geotomography and 
Teleseismic Studies 
T h e b road ly d i spe r sed d i s t r ibu t ion of 
e a r t h q u a k e s wi thin a n d a r o u n d L o n g Valley 
ca ldera p r o v i d e a near ly ideal d a t a set for 
t h r ee -d imens iona l m o d e l i n g of t h e P wave ve­
locity s t r uc tu r e . Kissling et al. [1984] used over 
30 ,000 P wave arr ival t imes f rom 2 4 5 0 events 
to d e t e r m i n e t h e velocity s t r u c t u r e in 
2 x 2 x 2-km cells, by us ing an a l g o r i t h m 
modif ied f r o m Thurber [1983] . I n gene ra l , 
the i r resul ts sugges t t h e p r e s e n c e of a zone of 
low P wave velocity b e n e a t h t h e s o u t h e r n 
pa r t of t h e r e s u r g e n t d o m e a n d t h e sou th 
m o a t of t h e ca lde ra be tween 5 a n d 9 k m be­
low the surface . T h i s a n o m a l y overl ies a 
weaker a n d b r o a d e r zone of low P wave ve­
locity (F igure 7) tha t e x t e n d s to a d e p t h of at 
least 15 k m . T h e b r o a d e r low-velocity zone 
ex t ends n o r t h f rom L o n g Valley t o w a r d t he 
M o n o Cra t e r s a n d sou theas t b e n e a t h t h e 
frontal r a n g e of t he S ier ra N e v a d a . 
T h e s t r u c t u r e of t h e lower c rus t a n d u p p e r 
man t l e b e n e a t h L o n g Valley is also u n d e r in­
vestigation by the teleseismic t ravel t ime re­
sidual m e t h o d . H . M. Iyer a n d his col leagues 
at USGS r e p e a t e d t h e ear l ier survey of Stee­
ples and Iyer [1976] this past s u m m e r with a 
greatly e x p a n d e d a r r ay tha t h a d an ave rage 
station spac ing of 5 km. Results f rom t h e 
th ree -d imens iona l block m o d e l i n g of teleseis­
mic P waves f rom an adjacent a r r a y cover ing 
the I n y o / M o n o C r a t e r s by Achauer et al. 
[1984] resolve a small , low-velocity body in 
the mid-crus t directly b e n e a t h t h e M o n o Cra­
ters chain . T h u s t h e r e is ev idence for par t ia l ­
ly mol ten m a g m a c h a m b e r s b e n e a t h b o t h 
L o n g Valley ca ldera a n d the y o u n g e r M o n o 
Cra te r s to t h e n o r t h . 
Southern Cupola: 
Passive Seismic Experiment 
T h e objective of t he passive seismic bo re ­
hole e x p e r i m e n t is to search for ev idence ei­
the r conf i rming o r re ject ing the hypothes i s of 
shallow m a g m a u n d e r l y i n g the Casa Diablo 
hot sp r ing a rea . F u n d i n g for this p a r t of t he 
project was p r o v i d e d pr imar i ly by t h e M a g m a 
Energy T e c h n o l o g y P r o g r a m , with a small 
addi t iona l i n c r e m e n t f rom the D O E Office of 
Basic E n e r g y Sciences. Dri l l ing to o p e n t he 
well c o m m e n c e d o n S e p t e m b e r 7, 1984, a n d 
was comple t ed by S e p t e m b e r 13. T h e u p p e r 
152 m of the well was cased, with an inside 
d i a m e t e r of 0 .164 m a n d with a drif t d i a m e ­
ter (of t he t h r e a d e d coupl ings) of 0.161 m. 
Below the casing, t h e o p e n hole d i a m e t e r was 
nominal ly 0.152 m. U p o n comple t i on of drill­
ing, t he well was cal iper logged a n d was 
f o u n d to have a par t ia l obs t ruc t ion at a b o u t 
275 m d e p t h . T h e obs t ruc t ion n a r r o w e d t h e 
d i a m e t e r of t he well d o w n to a b o u t 0 .127 m 
f rom the nomina l d i a m e t e r of 0 .152 m. 
T h e passive e x p e r i m e n t involved emplace ­
m e n t of a b o r e h o l e g e o p h o n e at t h e b o t t o m 
of t he well for a p e r i o d of at least 1 m o n t h . 
E a r t h q u a k e s in t h e sou th m o a t of t h e ca lde ra 
a n d in to the S ie r r an block f u r t h e r sou th were 
r e c o r d e d by bo th t he g e o p h o n e a n d a surface 
a r ray p r o v i d e d by USC. O u t p u t of t h e geo­
p h o n e a n d the surface i n s t r u m e n t s was re ­
c o r d e d o n po r t ab l e digital r e c o r d e r s o w n e d 
by USC. T r a n s d u c e r s in t h e g e o p h o n e h a d 
an 8-Hz n a t u r a l p e r i o d a n d 3 9 5 - o h m resist­
ance . A l t h o u g h t he p e r i o d of t h e i n s t r u m e n t 
is somewha t h i g h e r t h a n is des i rab le for the 
e x p e r i m e n t , this sensor allows b o r e h o l e devi­
at ions in excess of 10° f rom vertical , a neces­
sary p r o p e r t y , since t h e devia t ion was u n ­
k n o w n p r io r to t he e x p e r i m e n t . T h e geo­
p h o n e c l a m p is d r iven by a h i g h - t e m p e r a t u r e 
m o t o r o n the i n s t r u m e n t package a n d con­
sists of t h r e e p r e s s u r e c lamps spaced 120° 
a p a r t a r o u n d t he c i r c u m f e r e n c e of t h e ins t ru­
m e n t to ho ld it in t he cen t e r of t h e well. 
T h e par t ia l obs t ruc t ion a n d t h e c l a m p i n g 
m e c h a n i s m bo th c rea t ed p r o b l e m s for t h e 
VSP, a l t h o u g h t he passive e x p e r i m e n t was 
unaffected. T h e c l amps w e r e d e s i g n e d with a 
travel of only 6.5 m m , so t h e d i a m e t e r of t he 
c l amping m e c h a n i s m was near ly equa l to t h e 
d i a m e t e r of t he well, 0.15 m. Wi th t h e c lamps 
on , t he d o w n h o l e g e o p h o n e was u n a b l e to 
pass by t he obs t ruc t ion , so only t h e t o p 170 m 
of t he hole was logged . H o w e v e r , for t h e pas­
sive e x p e r i m e n t , t h e c l amps w e r e r e m o v e d , 
a n d a 1.8-m steel r o d was we lded o n t o t he 
bo t tom of t he i n s t r u m e n t package . W i t h o u t 
the c lamps , t he m a x i m u m d i a m e t e r of t h e in­
s t r u m e n t was 0.08 m, a n d it was able to easily 
pass by t he obs t ruc t ion to m a x i m u m d e p t h at 
900 m. T h e r o d served to k e e p t h e g e o p h o n e 
u p r i g h t at t he b o t t o m of t he well a n d to h e l p 
the i n s t r u m e n t package p e n e t r a t e in to t h e d e ­
bris at t he well bo t t om. T h e r o d a n d t h e 
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weight of t he cable effectively he ld t h e geo­
p h o n e securely. 
W e expec t ed tha t t h e well e n v i r o n m e n t 
would always be substantial ly qu i e t e r t h a n t h e 
surface. Howeve r , c o m p a r i s o n of t h e signal to 
noise ra t io for selected e a r t h q u a k e s in t h e 
two e n v i r o n m e n t s reveals tha t t h e sur face 
e n v i r o n m e n t a p p e a r s to be qu ie t e r in s o m e 
cases. T h i s is p robab ly d u e in p a r t to t h e dif­
fe ren t f requency r e s p o n s e of t h e sur face a n d 
b o r e h o l e i n s t r u m e n t s , in p a r t to the i r r e ­
sponse to the p r e d o m i n a n t sources of noise at 
t he surface a n d at d e p t h , a n d in p a r t to u n ­
k n o w n effects, such as f r e q u e n c y - d e p e n d e n t 
a t t enua t ion o r sca t te r ing in t he ea r t h . C o m ­
par i son of spec t ra for t he two e n v i r o n m e n t s 
shows a s teep roll-off for t he b o r e h o l e ins t ru­
m e n t , versus a flat s p e c t r u m for t h e 4 .5-Hz 
surface i n s t r u m e n t at f requencies above 15 
Hz . Since noise con t r ibu tes an inc reas ing p r o ­
po r t i on to the s e i smogram as f r equency in­
creases, we conc lude tha t t h e well env i ron ­
m e n t is general ly qu i e t e r at shor t pe r iods . I n 
add i t ion , t he effects of h y d r o t h e r m a l flow 
a n d g e o t h e r m a l c rack ing shou ld be m o r e im­
p o r t a n t at d e p t h t h a n at t he surface , w h e r e 
wind a n d cu l tu ra l noise effects p r e d o m i n a t e . 
O n e a d v a n t a g e to t he well e n v i r o n m e n t is 
tha t phases no t no rma l ly r e c o r d e d o n the 
surface may be p resen t . T h e mos t i m p o r t a n t 
of these shou ld be reflections of u p g o i n g 
phases off t he g r o u n d surface, d o w n to the 
well location. For e i the r SH o r Sv, we also ex­
pect to see similar reflections off the t o p of 
t he m a g m a body. T h e s e 5 reflections shou ld 
have a phase a n d f requency c o n t e n t similar 
to those for t h e d o w n g o i n g reflections off t he 
free surface. Bo th 5 reflections shou ld also be 
similar to t he first 5 arr ival . T h u s it may be 
possible to use t he d i rec t S as a m a t c h e d filter 
for t he phases reflected off t he t o p of t he 
m a g m a c h a m b e r . Alternat ively, an a u t o c o r r e ­
lation of t he wavefo rm shou ld give a la rge 
peak at zero lag a n d progressively smal ler 
peaks c o r r e s p o n d i n g to arr ival t imes of t he 
reflected phases at successive lag t imes. N o t e 
tha t P reflections off the m a g m a o u g h t to be 
r a t h e r weak in c o m p a r i s o n , since t he bulk 
compress ive p r o p e r t i e s of m a g m a a r e very 
A 
similar to those of t h e s u r r o u n d i n g p lu ton ic 
c o u n t r y rock [Clark, 1966]. H e n c e m a g m a 
o u g h t to be relatively t r a n s p a r e n t to P, 
bu t o p a q u e to S, l e ad ing to 5 reflections. At 
the p r e s e n t t ime this work is still in p rog res s , 
bu t p re l imina ry resul ts show a n u m b e r of sys­
temat ic , la ter S arr ivals o n t h e r eco rds , indi­
cat ing a complex s h e a r wave s t ruc tu r e . By 
contras t , results f rom the re f rac t ion s tudies 
indicate a r a t h e r s imple , d e e p P wave s t ruc­
t u r e . For t he mos t pa r t , r e c o r d e d events w e r e 
located in t he sou th m o a t of t he ca ldera a n d 
f u r t h e r sou th in to t h e Sier ras at d is tances of 
1 0 - 2 0 km. 
Whi le differences in surface a n d b o r e h o l e 
waveforms were cer ta inly expec t ed , it is 
somet imes su rp r i s ing h o w grea t t h e differ­
ences can be . Shown in F i g u r e 8 a r e t h e sur­
face a n d d o w n h o l e vertical c o m p o n e n t r e ­
cord ings for an even t tha t o c c u r r e d o n Sep­
t e m b e r 27 at 22 :59 :2 .12 U T . T h i s event h a d 
local m a g n i t u d e 1.5 a n d was located a b o u t 
18.5 k m sou th - sou theas t of t he well site in t he 
Sierra N e v a d a m o u n t a i n s , a b o u t 1.5 k m east 
of M o u n t Mor r i son , at 10.3 k m d e p t h . T h e 
surface se i smogram shows a r a t h e r poor ly de ­
ve loped , e m e r g e n t 5 wave w h e n c o m p a r e d to 
t he impuls ive, wel l -developed 5 arr ival seen 
on the b o r e h o l e r e c o r d i n g . N o t e tha t t he 5 
wave o u g h t to be a p p a r e n t at a b o u t 6 s in to 
t he r eco rds . A be t t e r -deve loped 5 arr ival is 
seen o n o n e of the sur face ho r i zon ta l r e co rd ­
ings (nearly SH, which indicates tha t at least 
some shea r wave e n e r g y is p r e s e n t in t he sur­
face waveforms. I n fact, p r e l im ina ry ray t rac­
ing suggests that , for this d e p t h a n d locat ion, 
t he rays shou ld pass t h r o u g h the 5 wave at­
t e n u a t i n g reg ion of t h e ca lde ra def ined by 
Sanders [1984]. H e n c e the a p p e a r a n c e of t h e 
surface vertical c o m p o n e n t waveform in Fig­
u r e 8 is consis tent with shea r wave shadow­
ing. It is t he r e fo r e su rp r i s i ng to see t he im­
pulsive cha rac te r of t he b o r e h o l e 5 wave ar­
rival, which is j u s t as clear o n all t h r e e 
c o m p o n e n t s , a n d to see shea r wave e n e r g y o n 
o n e hor izonta l c o m p o n e n t (east-west) of t h e 
surface r eco rd ing . A possible r eason for this 
difference is tha t s h e a r e n e r g y is be ing re ­
m o v e d within t he surface layers above t h e 
B 
boreho le site. H o w e v e r , Sande r s has exam­
ined the possible causes of shear wave shad­
owing a n d , o n t h e basis of a la rge n u m b e r of 
raypatfis f rom several h u n d r e d e a r t h q u a k e s , 
concludes tha t t h e s h a d o w i n g effect is no t a 
receiver site effect, at least for surface ins t ru­
ment s . 
We also m a d e a p re l imina ry examina t ion of 
abou t n ine o t h e r events n e a r t he same 
source-receiver a z i m u t h as t he event in Fig­
u r e 8. D e p t h s for t he seven events to t he 
sou th r a n g e f rom 5 to 10 km, a n d r anges a r e 
f rom rough ly 14 to 22 km. All of these events 
show substant ia l differences be tween t h e sur­
face a n d b o r e h o l e waveforms , bu t t he differ­
ences d o no t a p p e a r to be easily ra t ional ized 
in t e rms of t h e s imple m o d e l deve loped by 
Sanders [1984] . P re l iminary calculat ions us ing 
simple low-frequency synthetics a p p a r e n t l y 
indicate tha t some of t he differences may 
s tem f rom P to S convers ions u p o n reflection 
KILOMETERS 
Fig. 7. C o n t o u r s of lateral var iat ions in 
P wave velocity in p e r c e n t within t he 
d e p t h in terval f rom 7 to 9 k m below sea 
level ( 9 - 1 1 k m below the ca ldera floor) 
d e t e r m i n e d by g e o t o m o g r a p h i c imag ing 
of e a r t h q u a k e arr ival t ime da ta . F igure af­
ter Kissling et al. [1984]. 
S U R F A C E 
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Fig. 8. C o m p a r i s o n of (top) surface 
a n d (bot tom) d o w n h o l e vertical c o m p o ­
n e n t se i smograms r e c o r d e d at t h e well 
site. T h e event was a m a g n i t u d e 1.5 ea r th ­
quake o n S e p t e m b e r 27, 1984, at 
22:59:02 .12 U T . T h e event was located 
18.5 k m sou th - sou theas t of t he well site at 
a d e p t h of 10.3 km. No te t h e well devel­
o p e d 5 arr ival o n the d o w n h o l e ins t ru­
m e n t at a b o u t 6 s, c o m p a r e d to t h e poorly 
deve loped 5 arr ival o n the surface ins t ru­
men t . 
Fig. 6. S u m m a r y cross section of s t ruc tu re of n o r t h w e s t e r n L o n g Valley ca ldera a long 
profile A-B of F igu re 1. D e p t h a n d a t t i tude of contacts be tween pos tca ldera volcanics, weld­
ed Bishop Tuff, a n d S ie r ran B a s e m e n t based u p o n in t e rp re t a t ion of refract ion profiles by 
Hill et al. [19&5]. D e p t h to d e e p reflectors f o u n d in this p r o g r a m a r e cont ro l led by velocity 
s t ruc tu re f rom ref rac t ion i n t e rp re t a t i on . 
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off a low-velocity zone at relatively shallow 
d e p t h . O t h e r differences may be d u e to re ­
ve rbe ra t ions within t he u p p e r 900 m. It 
seems clear tha t the wavefo rms a r e be ing se­
verely d i s to r ted in pass ing t h r o u g h the south-
cent ra l p a r t of the ca lde ra at d e p t h s as shal­
low as 5 km. T h e ray p a t h s for mos t of t he 
events we e x a m i n e d pass u n d e r the sou thwes t 
m o a t a n d the s o u t h e r n r e s u r g e n t d o m e , with­
in 1-3 k m east of the Casa Diablo ho t sp r ing 
area . At t he p re sen t t ime we have n o clear 
exp lana t ion for the di f ferences be tween 
waveforms . 
Future Plans 
T h e success of the r ecen t work in L o n g 
Valley has p r o m p t e d t h e accelera t ion of p lans 
to d o a g rea t deal m o r e seismic imaging . F o r 
e x a m p l e , a new series of reflection profiles is 
p l a n n e d , with the first l ine to be r u n d u r i n g 
the s u m m e r of 1985. T h i s profile l ine will 
s t re tch f rom the O L V - 1 well site sou th across 
t he r e s u r g e n t d o m e a n d t e r m i n a t e against t he 
sou th wall of the ca ldera . F u n d i n g for this 
profile will c o m e f rom t h e M a g m a E n e r g y 
T e c h n o l o g y P r o g r a m . O t h e r profiles will be 
c o m p l e t e d within the fol lowing year , with 
f u n d i n g to c o m e f rom D O E , USGS, a n d NSF. 
T h e l ine f rom L o o k o u t M o u n t a i n sou th will 
be r u n d u r i n g the s u m m e r of 1985 as a P 
profile, a n d we plan to r e p e a t t he l ine with 
an SH survey to eva lua te this as a t e chn ique 
for locat ing a n d def in ing m a g m a bodies . 
T h e r o u t e for the profi le will also pass by 
a n o t h e r well to be dr i l led o n the sou th e n d of 
the r e s u r g e n t d o m e d u r i n g s u m m e r 1985, 
con t i ngen t u p o n final a p p r o v a l of f u n d i n g 
f rom the office of Basic E n e r g y Sciences. T h e 
objective for this well is to be t he first p e r m a ­
n e n t b o r e h o l e crustal obse rva to ry in L o n g 
Valley. Wi th an an t ic ipa ted d e p t h of 700 m, 
the well will be used for a variety of shor t -
t e r m a n d l onge r - t e rm geophysica l a n d geo-
chemical e x p e r i m e n t s a i m e d at u n d e r s t a n d ­
ing t h e cause of the o n g o i n g seismicity, de ­
fo rmat ion , a n d h y d r o t h e r m a l activity in t he 
sou th m o a t of the ca ldera . T h e s e e x p e r i m e n t s 
will inc lude m e a s u r e m e n t of in situ stress a n d 
changes in stress with t ime ; passive r e c o r d i n g 
of sou th m o a t e a r t h q u a k e s ; observa t ion of 
t e m p e r a t u r e , hea t flow, a n d c h a n g e s with 
t ime; a vertical seismic profi le; geochemica l 
s tudies of core ob ta ined , i nc lud ing or ig in a n d 
implicat ions of h y d r o t h e r m a l a l te ra t ion ; ob­
servat ion of l ong - t e rm p o r e p r e s s u r e (strain) 
changes ; a n d a variety of o t h e r e x p e r i m e n t s . 
Both the VSP a n d the P wave profile will 
p rov ide good cont ro l of t h e seismic s t r u c t u r e 
over lying the hypo thes ized s o u t h e r n cupo la 
of m a g m a for use in co r re l a t ing seismic s t ruc­
t u r e with tectonic activity a n d in c o m p a r i n g 
with results ob ta ined over t h e n o r t h e r n c u p o ­
la. We thus h o p e to use these t echn iques to 
identify the d e p t h to the t o p of the s o u t h e r n 
cupola . 
Finally, the passive b o r e h o l e e x p e r i m e n t in 
OLV-1 has been cons iderably e x t e n d e d d u e 
to a s t roke of luck. Or ig ina l p lans called for 
the bo reho le i n s t r u m e n t to be w i t h d r a w n at 
the e n d of Oc tober . Howeve r , a major win te r 
s to rm m a d e it t empor a r i l y impossible to gain 
access to t he site to r e m o v e the g e o p h o n e , 
a n d it was dec ided to leave it in the well unt i l 
at least sp r ing , if s o m e o n e could be f o u n d to 
a d d the i n s t r u m e n t to a t e l e m e t e r e d ne twork . 
For tuna te ly , Alan Ryall at t h e Univers i ty of 
Nevada , R e n o , a g r e e d , a n d te lemet ry b e g a n 
abou t t he b e g i n n i n g of J a n u a r y . T h e s e have 
so far shown variable signal to noise rat ios for 
the d o w n h o l e i n s t r u m e n t as c o m p a r e d to 1-s 
surface se i smomete r s m e n t i o n e d above . At 
p resen t , n o n e of t he events have b e e n located 
w h e r e differences in shea r wave a t t en tua t i on 
migh t be observed . 
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